Feline rotaviruses, members of the species Rotavirus A, are an infrequent source of zoonotic infections, and were previously shown by RNA-RNA hybridization assays to possess two distinct genomic RNA constellations, represented by strains FRV-1 and FRV64. Due to the lack of whole genome sequence information for FRV-1, human rotavirus strain AU-1 has been used as a surrogate for the genotype constellation of feline rotaviruses. The aim of this study was to determine the whole genome sequence of FRV-1 and FRV64 to help understand the genetic relationships among existing feline rotaviruses from the evolutionary perspective. The genotype constellations of FRV-1 and FRV64 were G3-P[9]-I3-R3-C3-M3-A3-N3-T3-E3-H3 and G3-P[3]-I3-R3-C2-M3-A9-N2-T3-E3-H6, respectively. FRV-1 has a genotype constellation identical to that of the AU-1 strain. Although for individual genes they shared lineages, with the exception of genes encoding VP2, VP6 and VP7, the sequence identity between FRV-1 and AU-1 was considered to be sufficiently high for the AU-1 to be regarded as an example of the direct transmission of a feline rotavirus to a child. On the other hand, the FRV64 strain was not only similar in all the 11 genome segments to another feline rotavirus strain, Cat97, but also to canine rotavirus strains (K9 and CU-1) and feline/canine-like human rotavirus strains (Ro1845 and HCR3A). In conclusion, this study revealed intermingled sharing of genotypes and lineages among feline rotaviruses, suggesting the occurrence of frequent reassortment events over the course of evolution to emerge in four genotype constellations represented by FRV-1, FRV64/ Cat97, Cat2 and BA222 strains.
INTRODUCTION
Rotavirus A, a species in the Rotavirus genus within the Reoviridae family, is an important pathogen causing acute diarrhoea in the young of many animal species including humans. While infection with feline rotavirus rarely causes severe illness in cats (Greene, 2006) , feline rotaviruses are an infrequent source of human infections (Nakagomi & Nakagomi, 1989; Matthijnssens et al., 2011; Fredj et al., 2013) . Whole genome sequence and phylogenetic analyses (Tsugawa & Hoshino, 2008) as well as RNA-RNA hybridization under high stringency conditions (Nakagomi & Nakagomi, 2000) revealed that G3P [3] human rotavirus strains Ro1845 and HCR3A had emerged from direct transmission of a rotavirus strain indistinguishable from a feline strain Cat97 or a canine strain CU-1. Other examples have been provided recently: an Italian G3P [9] feline rotavirus, BA222 (Martella et al., 2011) , shared a highly conserved although not exactly identical genotype constellation with human rotavirus strains KF17 detected in Japan (Yamamoto et al., 2011) , 0537 in the USA (Grant et al., 2011), PAH136 and PAI58 in Italy (De Grazia et al., 2010) , and 17237 in Tunisia (Fredj et al., 2013) . Reflecting an increase of BA222-like rotaviruses detected in human children, it has been speculated that BA222 may represent a
The GenBank/EMBL/DDBJ accession numbers for the FRV-1 sequences obtained in this study are AB792642 (VP7), AB792643 (VP6), AB792644 (VP1), AB792645 (VP2), AB792646 (VP3), AB792647 (NSP1), AB792648 (NSP2), AB792649 (NSP3) and AB792650 (NSP5). Those for FRV64 sequences are AB792651 (VP7), AB792652 (VP6), AB792653 (VP1), AB792654 (VP2), AB792655 (VP3), AB792656 (NSP2), AB792657 (NSP3) and AB792658 (NSP5). The accession number for the AU-1 VP7 gene sequence determined in this study is AB792641. distinct genotype constellation in addition to two previously established ones, defined by Cat97 and AU-1-like feline rotaviruses (FRV-1), respectively .
Historically, the first molecular evidence that rotavirus caused cross-species transmission was provided by an earlier study in which two human rotavirus strains, AU-1 and AU228, possessed a mutually indistinguishable crosshybridization profile with a feline rotavirus FRV-1 (Nakagomi & Nakagomi, 1989) . However, there was a complete lack of full-genome sequence information for any AU-1/FRV-1-like feline rotavirus strains. The lack of sequence information prevented investigation of the degree of similarity between AU-1 and FRV-1 at the nucleotide sequence level and analysis of their phylogenetic relationship, thus hindering a better understanding of the full extent of genetic diversity within the existing feline rotaviruses.
The aim of this study, therefore, was to determine the full genome sequence of a prototype feline rotavirus strain FRV-1 and FRV64, to provide basic information regarding the evolutionary relationships among feline rotaviruses possessing various genotype constellations.
RESULTS
We determined 91-98 % of the nucleotide sequences of the VP7, VP6, VP1-VP3, NSP1-NSP3 and NSP5 genes of FRV-1 (Table 1) , and 91-99 % of those of the VP7, VP6, VP1-VP3, NSP2, NSP3 and NSP5 genes of FRV64 (Table  2 ). In addition, we determined the VP7 sequence of human rotavirus strain AU-1. The entire coding region was determined for VP7, VP6, VP3 and NSP5 of FRV-1 (Table 1) and VP7, VP6, VP1 and NSP5 of FRV64 (Table 2) . Taken together with the sequences of VP4 and NSP4 of FRV-1, and VP4, NSP1 and NSP4 of FRV64 that were Note: the genes for which entire coding regions were determined are highlighted in grey.
Genotype constellation of prototype feline rotaviruses previously published (Isegawa et al., 1992 (Isegawa et al., , 1993 Horie et al., 1997; Fujiwara & Nakagomi, 1997) and deposited in the GenBank, the genotype constellations (in the order of the VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5 genes) of FRV-1 and FRV64 were determined (Maes et al., 2009 ) to be G3-P [9] -I3-R3-C3-M3-A3-N3-T3-E3-H3 and G3-P[3]-I3-R3-C2-M3-A9-N2-T3-E3-H6, respectively. Thus, the genotype constellation of FRV-1 is identical to that of AU-1, which was reported by Matthijnssens et al. (2008) . Similarly, the genotype constellation of FRV64 is exactly the same as that of Cat97, which was reported by Tsugawa & Hoshino (2008) .
The genotype constellations of FRV-1 and FRV64 are shown in Table 3 in comparison with representative feline, canine and feline/canine-like human rotavirus strains. FRV-1 shared the genotype of eight, six, six and five genome segments with Cat2, FRV64, Cat97 and BA222, respectively. On the other hand, FRV64 shared the genotype of six, six, 11 and three genome segments with FRV-1, Cat2, Cat97 and BA222, respectively (Table 3) . [9] G3** P[9]** -R2** C2** M2** A3 N1 T3 E3 H3 RVA/Human-tc/JPN/88H242/1988/G3P [9] G3
The sequences used in the phylogenetic analysis in this study are in bold type. Those for which genotyping information is available but not accession numbers are highlighted in grey. -, Lack of sequence information in GenBank. * Sequences with different genotypes which were not included in trees. ** Sequences which were too short and hence excluded.
When the FRV-1 sequence was compared with the AU-1 sequence in the phylogenetic tree in each of the 11 genome segments, they clustered together in the same lineage in eight genome segments (the VP1, VP3, VP4 and NSP1-NSP5 genes) with a robust bootstrap support of 91-100 % (Fig. 1a, c, d, . The nucleotide sequence divergence between FRV-1 and AU-1 in the eight genome segments was very small, and ranged from 0.6-2.3 % (Table 4 ). In contrast, the nucleotide sequences of the VP2, VP6 and VP7 genes of FRV-1 and AU-1 belonged to different lineages, and their sequence divergence was 11.1 %, 7.1 % and 5.8 %, respectively. While FRV-1 and AU-1 belonged to different lineages in the VP6 and VP7 genes, they clustered together with a bootstrap support of 99 % and and non-structural proteins [NSP1 (g); NSP2 (h); NSP3 (i); NSP4 (j) and NSP5 (k)] of FRV-1 and FRV64 strains sequenced in this study and, as references, other strains of various host species origin. The trees were reconstructed using the maximumlikelihood method included in the MEGA6 software package with bootstrap probabilities after 1000 replicate trials. The best substitution models were selected based on the corrected Akaike Information Criterion (AICc) value as implemented in MEGA6. They were T92+G (VP7), GTR+G+I (VP4), T92+G+I (VP6), GTR+G+I (VP1), GTR+G+I (VP2), GTR+G+I (VP3), GTR+G+I (NSP1), T92+G+I (NSP2), TN93+G (NSP3), T92+G+I (NSP4) and T92+G (NSP5). The bar next to each tree indicates a reference genetic distance of 0.05 substitutions per site, except for the NSP1 tree which is 0.5 substitutions per site. Percent bootstrap support is indicated by the value at each node, when the value was 80 % or larger. While feline rotavirus strains are in bold type, the position of FRV-1, FRV64, Cat97, Cat2, BA222 and AU-1 is indicated with symbols $, m, D, &, ¤ and #, respectively. A list of the GenBank accession numbers of the gene sequences of different rotavirus strains used for the phylogenetic trees are provided in Table S1 , available with the online Supplementary Material. Note: the genotypes different from those of FRV-1 and AU-1 are highlighted in grey.
Genotype constellation of prototype feline rotaviruses 67 %, respectively, further upstream in the phylogenetic tree, and they shared a common ancestral sequence (Fig. 1e, f) . However, the VP2 gene sequences of FRV-1 and AU-1 did not cluster together within the C3 genotype (Fig. 1b) , where FRV-1 was the only genuine feline rotavirus amongst the strains of diverse host species origin including monkeys, horses, rabbits and humans.
We then examined phylogenetic relationships at the lineage level between FRV-1 and other feline rotavirus strains for those genome segments for which they shared the same genotype. In the VP4 tree, FRV-1 clustered with Cat2 and BA222 with a 100 % bootstrap support (lineage I; Fig. 1d ), and their nucleotide sequence divergence was 4.3 % and 4.1 %, respectively (Table 4 ). In the VP6 tree, FRV-1 clustered together with Cat2 with a 100 % bootstrap support (lineage I; Fig. 1e ), and their nucleotide sequence divergence was 4.5 % (Table 4 ). In the VP7 tree, FRV-1 clustered together with Cat2 and BA222 with a 93 % bootstrap support (lineage I; Fig. 1f ), and their sequence divergence was 2.3 % and 3.5 %, respectively (Table 4 ). In the NSP3 gene tree, FRV-1 clustered together with BA222 with a 100 % bootstrap support (lineage I; Fig. 1i ) and their sequence divergence was 3.7 %. In the five genome segments coding for VP1, VP3, NSP1, NSP4 and NSP5, FRV-1 shared the same genotype with some of the existing feline rotaviruses but it did not share a genetic lineage with them. Regarding the remaining two genome segments coding for VP2 and NSP2, FRV-1 did not share the genotype with other feline rotavirus strains (Table 4) .
When the phylogenetic relationship between FRV64 and Cat97, which had an identical genotype constellation (Table 3) , was examined at the lineage level in each of the 11 genome segments, they always clustered together with a robust bootstrap support of 98-100 % (Fig. 1) . The nucleotide divergence between two strains ranged from 1.7 -4.1 % ( Table 5 ). The sharing of the same lineage in all 11 genome segments was extended to some canine rotavirus strains CU-1, K9 and A79-10, and feline/ canine-like human rotavirus strains Ro1845 and HCR3A (Fig. 1) . The clustering was supported by high bootstrap values. The nucleotide sequence divergence between FRV64 and each of these canine and feline/canine-like human rotavirus strains ranged from 0.6 -5.8 % (Table 5) .
DISCUSSION
Feline rotavirus strains were previously shown by RNA-RNA hybridization assays to possess two distinct genomic RNA constellations, represented by two prototype strains, FRV-1 and FRV64 (Mochizuki et al., 1992) . These two strains also differ in some important biological characteristics. The FRV-1 strain does not haemagglutinate whereas the FRV64 strain agglutinates erythrocytes from many animal species including cattle, cat, chicken, dog, goat, guinea pig, horse, human, rat and sheep (Mochizuki et al., 1992) , and this difference was ascribed to the possession of different VP4 proteins (Mochizuki & Nakagomi, 1995) . Neutralization assays using hyperimmune antisera showed that anti-FRV-1 did not neutralize FRV64 and that anti-FRV64 did not neutralize FRV-1; hence, by definition, FRV-1 and FRV64 were of different serotypes (Mochizuki & Nakagomi, 1994) . However, whole genome characterization of the feline rotaviruses classified into the FRV-1 genotype constellation lagged behind and its human rotavirus counterpart, AU-1, has been used as a surrogate for this genotype constellation of feline rotaviruses since the full genome sequence of AU-1 was determined by Matthijnssens et al. (2008) . Thus, it was crucial to precisely determine how similar FRV-1, a genuine feline rotavirus strain, was to AU-1 (Nakagomi, et al., 1987) , the prototype of feline-like human rotavirus at the level of both genotype constellation and lineage in the phylogenetic tree.
In this study we showed that FRV-1 had an identical genotype constellation with human rotavirus AU-1, whereas FRV64 had an identical genotype constellation with Cat97, the prototype of another genotype constellation of feline rotavirus strains, and also with canine rotavirus strains CU-1, K9 and A97-10, as well as feline/ canine-like human rotavirus strains Ro1845 and HCR3A (Table 3 ). While the existence of an AU-l-like feline rotavirus in nature was, for the first time to our knowledge, confirmed at the whole genotype constellation level, it was also revealed that they were not fully identical at the lineage level; the VP2, VP6 and VP7 genes of FRV-1 and AU-1 belonged to different lineages with nucleotide divergence values ranging from 5.8 to 11.1 % (Table 4) . Thus, human rotavirus AU-1 may not be a completely correct surrogate for genuine feline rotavirus strains that possess the G3-P[9]-I3-R3-C3-M3-A3-N3-T3-E3-H3 constellation. Nevertheless, the level of nucleotide sequence identity between FRV-1 and AU-1, including in the aforementioned three genome segments, was sufficiently high for the AU-1 to be regarded as an example of the direct transmission of a feline rotavirus to a child (Nakagomi & Nakagomi, 1989) on the following grounds. Firstly, an increasing number of G3/G6P [9] strains such as Italian PAH136 (De Grazia et al., 2010) , Tunisian 17237 (Fredj et al., 2013) and Japanese KF17 (Yamamoto et al., 2011) were considered to be the result of the direct transmission of a BA222-like feline rotavirus strain, representing the proposed third genotype constellation of feline rotaviruses . When the nucleotide sequence identities between BA222 and these feline-like human rotavirus strains were examined for those genome segments where they share the same genotypes, the nucleotide sequence divergence values ranged from 0.3 to 15.4 %, which is similar to the divergence range observed between AU-1 and FRV-1 (0.6-11.1 %). Secondly, there may exist a degree of sequence diversity among FRV-1-like feline rotavirus strains that will constitute lineages different from those of FRV-1 when the full genome information from more FRV-1-like feline rotavirus strains becomes available.
The determination of the nucleotide sequence of FRV-1 at the whole genome level has provided a further opportunity to interpret the host species origin and generation of the Cat2 strain, which remained unanswered in several preceding reports (Mochizuki et al., 1992; Tsugawa & Hoshino, 2008; Matthijnssens et al., 2011) . By high stringency RNA-RNA hybridization assays, six hybrid bands were formed between the FRV-1 probe and the Cat2 genome segments whereas five hybrid bands were formed between the K9 probe and the Cat2 genome segments. Since the K9 probe formed 11 hybrid bands with the FRV64 as well as Cat97 genome segments, the hybridization results were interpreted as an indication that Cat2 was a genetic reassortant formed between an FRV-1-like feline rotavirus strain and a K9/ FRV64-like feline/canine rotavirus strain (Mochizuki et al., 1992) .
Through the analysis of whole genome sequence of rotavirus strains available at the time, Tsugawa & Hoshino (2008) observed that the VP1-VP3 genes of Cat2 were most closely related to those of Cat97 (the nucleotide sequence diversity being 4.2 %, 2.3 % and 3.7 %, respectively), the VP4 gene to that of human rotavirus K8 (3.3 % divergence), the VP6 and NSP1 genes to those of human rotavirus AU-1 (7.7 % and 6.9 % divergence, respectively), the VP7 gene to that of human rotavirus KC814 (2.4 % divergence), the NSP2 gene to that of human rotavirus Dhaka25-02 (4.8 % divergence), the NSP3 and NSP5 genes to those of bovine RF (7.3 % and 2.3 % divergence, respectively) and the NSP4 gene to that of feline rotavirus FRV70 (1.8 % divergence). Based on this sequence information, and the clustering patterns in the bootstrap consensus cladograms, they hypothesized that the evolutionary process by which the genotype constellation of Cat2 was shaped involved multiple reassortment events occurring among feline, canine, human and bovine rotavirus strains. With the availability of the whole genome sequence information of feline strain BA222, which represents the third genotype constellation of feline rotaviruses (Martella et al., 2011 performed a further phylogenetic analysis which revealed that Cat2 possessed at least four genome segments (VP1-VP3 and NSP4) closely related to strains belonging to Cat97-like genotypes, and that six genome segments (VP4, VP7, NSP1-3, NSP5) were found to cluster closely with those of strains belonging to the BA222-like genotype constellation. Thus, they suggested that Cat2 might be a natural reassortant between rotaviruses belonging mainly to the Cat97 and BA222 genotype constellations. However, as to the origin of the VP6 gene of Cat2, they were only able to refer to its distant relationship with AU-1 (7.7 % divergence).
When the FRV-1 VP7 sequence was included into the VP7 tree in this study, FRV-1, Cat2 and BA222 clustered in the same lineage (lineage I) with a 93 % bootstrap support (Fig. 1f) . Furthermore, the Cat2 VP7 gene was much closer to the FRV-1 VP7 gene (2.3 % divergence) than to BA222 VP7 gene (3.8 % divergence). As to the elusive origin of Cat2 VP6 gene, Cat2 and FRV-1 were found to fall in the same lineage (lineage I) with a 4.5 % divergence between them (Fig. 1e) . On the other hand, AU-1 belonged to a different lineage (lineage II) with 7.1 % and 7.7 % differences in nucleotide sequence from FRV-1 and Cat2, respectively (Fig. 1e) . This study therefore provided stronger evidence that the origin of the VP6 gene of Cat2 was feline rotavirus.
As was initially predicted by RNA-RNA hybridization assays (Nakagomi & Nakagomi, 2000) , and later confirmed by whole genome sequencing analysis (Tsugawa & Hoshino, 2008) , FRV64 was not only highly similar at the each genome segment level to Cat97, but also to canine rotavirus strains CU-1, K9 and A79-10 as well as feline/ canine-like human rotavirus strains Ro1845 and HCR3A. The overall nucleotide sequence divergence across the 11 genome segments varied from 0.6 % (the VP6 gene of A79-10) to 5.8 % (the NSP1 gene of HCR3A) with an mean of 2.9 %. The mean nucleotide sequence divergence between FRV64 and each of these six strains varied from 1.6 % (the VP6 gene) to 4.2 % (the NSP1 gene). Taken together with the fact that the nucleotide sequences of all the six strains clustered with a robust bootstrap support of 98-100 % in the same lineage in the phylogenetic trees of the 11 genes, this group of rotaviruses appears to cause infections readily in cats, dog and humans, disregarding host species barriers. It is not known how extensively these viruses can cause infection in the host species other than cats, dog and humans, but no isolates from cattle or pigs were reported to carry this genotype constellation. Experimental infection of calves and piglets may be needed to address the question of the host species range of this group of feline/canine rotaviruses.
By presenting the whole genome information of prototype feline rotavirus strain FRV-1, this study has completed the description of all four genotype constellations present among feline rotaviruses known to date. As extensively discussed in this study, Cat2 was not considered to be a simple reassortant either between FRV-1 and FRV64 (Mochizuki et al., 1992) or between Cat97 and BA222 (Matthijnssens et al., 2011), but evidence was identified for multiple reassortment events that had occurred over the course of evolution of Cat2. However, Cat2 is unlikely to be the only feline rotavirus strain that underwent reassortment. The fact that FRV-1 and BA222 had closely related sequences at the level of lineage in the VP7, VP4, NSP1 and NSP3 genes means that these genome segments were possessed by the same ancestral strain in the recent past. By contrast, in six genome segments including VP1-VP3, VP6, NSP2 and NSP4, FRV-1 and BA222 had different genotypes, meaning that the ancestral strains possessing these genome segments were completely different. Taken together, it follows that either FRV-1 or BA222, or even both might have undergone reassortment to become strains possessing different genotype constellations. Thus, it is more appropriate to assign each of the five feline rotaviruses four distinct genotype constellations. Feline rotavirus can have flexible genotype constellations. Nevertheless, assuming that the genetic diversity of these feline rotaviruses might have resulted from genetic reassortment, involving interspecies transmission by rotaviruses of different host species origins, such events are most likely to have occurred in the distant past, and current genotype constellations are likely to be of genuine feline rotavirus.
METHODS
Strains used for whole genome characterization. Seed stocks of triple plaque purified cell-culture adapted strains of FRV-1 (Nakagomi & Nakagomi, 1989) , FRV64 (Mochizuki et al., 1992) and AU-1 (Nakagomi et al., 1987) were used for this study. Genomic RNAs were extracted from the infected culture fluid by using a QIAamp Viral RNA Mini kit (Qiagen) according to the manufacturer's instructions. An 8 ml portion of genomic RNA was mixed with random primer and dNTPs in a total volume of 9.5 ml and denatured at 97 uC for 5 min. Reverse-transcription mixture (Invitrogen SuperScript III Reverse Transcriptase) was added to make the final reaction volume to a total of 20 ml. The thermal profile included incubation at 25 uC at 5 min, 42 uC at 60 min and 70 uC at 15 min for reverse transcription. The genes were amplified by using 3 ml of cDNA with primers specific to both ends of the genome segments (Table S2 and S3, available with the online Supplementary Material) by using a GoTaq Green Master Mix system (Promega) at 95 uC at 5 min, and 35 cycles of amplification (94 uC, 45 s; 45 uC, 45 s and 72 uC, 2-6 min) followed by final extension 72 uC for 7 min. The amplified products were purified using an ExoSAP-IT purification kit (USB Products) according to the manufacturer's instructions. Nucleotide sequencing reactions were performed by fluorescent dideoxy chain termination chemistry using a BigDye Terminator Cycle Sequencing Ready Reaction kit, version 3.1 (Applied Biosystems), and nucleotide sequences were determined using an ABI Prism 3730 Genetic Analyzer (Applied Biosystems).
Sequence analyses. The genotype of each genome segment was classified by using the RotaC2.0 automated genotyping tool for species Rotavirus A (Maes et al., 2009) .
Nucleotide sequences were aligned using the MEGALIGN program in the Lasergene 11 software package (DNASTAR). Calculation of nucleotide sequence identity and phylogenetic analysis were performed by using MEGA6 (Tamura et al., 2013) .
Multiple sequence alignment was carried out using the CLUSTAL W program provided in MEGA6. A phylogenetic tree was then reconstructed by using the maximum-likelihood method. The statistical significance at the branching point was calculated with NSP5 (k)1000 pseudo-replicate datasets. The best substitution models were selected based on the corrected Akaike Information Criterion (AICc) value as implemented in MEGA6. They were T92+G (VP7), GTR+G+I (VP4), T92+G+I (VP6), GTR+G+I (VP1), GTR+G+I (VP2), GTR+G+I (VP3), GTR+G+I (NSP1), T92+G+I (NSP2), TN93+G (NSP3), T92+G+I (NSP4) and T92+G (NSP5). A lineage within a genotype was considered significant when the bootstrap value at the branching point was ¢95 %.
